Insulating glass (IG) units typically consist of multiple glass panes that are sealed and held together structurally along their perimeters. This report describes a study of edge seals in IG units. First, we summarize the components, requirements, and desired properties of edge construction in IG units, based on a survey of the available literature. Second, we review commercially available window edge seals and describe their properties, to provide an easily accessible reference for research and commercial purposes. Finally, based on the literature survey and review of current commercial edge seal systems, we identify research opportunities for future edge seal improvements and solutions.
Introduction
Reducing energy use and carbon emissions is currently a top priority in the building and construction sectors. A key cost-effective strategy to reduce carbon dioxide (CO 2 ) emissions in buildings is by increasing the thermal performance of their envelopes. This goal can be achieved in many ways, for example by adding more insulation to both new and existing buildings. Because windows typically account for about 30 to 50 percent of transmission losses through building envelopes, improving fenestration product energy performance could significantly save energy. Much attention has therefore been given to reducing the thermal transmittance, or Uvalue, of fenestration products [1] . Optimizing the thermal performance of individual window components is essential to achieving a good overall thermal performance for the entire window product. Prior research areas have addressed components of insulating glass (IG) units, including the glass panes, types of gas fill, and window frame [2] .
Previous research has also shown that improving spacers and edge seals could significantly reduce the energy lost through multi-pane windows [1] . The aim of our article is to report on a study of edge seals in IG units and make available, for research and commercial purposes, a review of available technologies. We surveyed the available literature on components, requirements, and desired properties of edge construction in IG units and carried out review of state-of-the-art, commercially available spacer products. Our market research focused on edge seals that have low thermal conductivity. We conclude by identifying possible future research opportunities for the spacer industry.
Components of edge seals in insulating glass units
IG units typically consist of multiple glass panes that are sealed in the edge-of-glass area. The panes are held together structurally along their perimeters by various types of edge seal systems. To improve the overall insulating value of an IG unit, the interpane space is typically filled with an inert gas, such as argon or krypton. The key function of the edge seal is to keep the glass panes separated at equal distances while providing a barrier to prevent infiltration of water vapor or exfiltration of the gas (or air) fill between the panes.
Edge seals consist of a number of components, including a spacer bar, a desiccant, and a sealant. These components are often combined and may serve more than one purpose. Figure 1 shows the edge seal geometry of an IG unit. Typically, edge seal total width (w) varies from 8 to 12 millimeters (mm). The interpane spacing thickness (t) depends on factors such as the number of glass panes, the type of gas fill, and acoustical requirements. Commercial edge seal thicknesses of 6 to 24 mm are common. 
Spacer bar
The main function of the spacer bar is to hold the glass panes at a fixed distance from each other, thus establishing the size of the interpane space. The typical profile width of spacer bars (w s ) varies between 4 mm and 8 mm. The most common spacer bar thicknesses are 12 mm and 14 mm. Hollow (metal) shaped spacer bars as well as solid (non-metal) spacer bars are commercially available. We discuss spacer bar designs and their properties in more detail below in Section 4.
Sealant
The sealant used in an edge seal structurally bonds the glass panes and spacer bar together while providing a high level of moisture vapor and gas diffusion resistance and allowing flexion to accommodate glass movement. In dual-sealed IG units ( Figure 2 [right]), these functions are performed by separate primary and secondary sealants whereas single-sealed IG units ( Figure 2 [left]) have only one (secondary) sealant. Today, the majority of IG units manufactured globally are dual sealed, with the market share of dual-sealed units being much larger in Europe (85-90 percent) than in North America (45-50 percent of IG units manufactured in 2003) [4] .
The primary sealant in an IG unit is applied between the spacer bar and the glass panes. Its key function is to reduce water vapor and gas permeability in the edge-of-glass area. Synthetic rubbers, typically polyisobutylene (PIB), are used for this purpose. However, the strength of thermoplastic PIB decreases rapidly as temperature increases, so a PIB seal alone cannot guarantee the structural integrity of an IG unit; therefore, a secondary sealant is required, which is applied around the perimeter of the glass. The secondary sealant functions as the adhesive that unites the glass panes and spacer bar and prevents excessive movement under different environmental stresses. Polyurethane (PU), silicone (Si) and polysulphide (PS) are widely used as secondary sealants, but hot-melt butyl-or epoxy-based sealants may also be used [5] , [6] .
The thickness of a primary PIB sealant is typically 0.2 to 0.6 mm, and the secondary seal width is about 4 mm. A minimum 3 mm of secondary sealant is required to cover the primary sealant and protect it from contact with moisture [7] . A PIB seal's adhesion to the glass and spacer is not resistant to continuous water exposure. When butyl sealant becomes damp, it loses its ability to adhere, which can lead to premature failure of the IG unit. 
Desiccant
Desiccants are used in IG units to prevent the inside glass surfaces from fogging as because of condensation of moisture vapor or organic vapors that may be in the interpane space. Moisture vapor might be trapped in the interpane space during manufacturing of the IG unit or can permeate through the edge seal while the IG unit is in use. Organics that off-gas in the interpane space can react with glass surfaces that become damp from water vapor condensation. These reactions leave a permanent opaque deposit on the inside glass surface, a phenomenon referred to as "chemical fogging" [5] , [7] , [8] . ISO 20492 describes chemical fogging tests and requirements for IG units [11] . Desiccants in IG units prolong the windows' service life by adsorbing moisture and organic vapor until the desiccant is saturated. Desiccant can either be integrated in the edge seal design or used as a fill in hollow spacer bars that are perforated to allow contact between the desiccant fill and the vapor [7] . The capacity of desiccants is limited, and any water vapor infiltrating the interpane space after the desiccant is saturated can result in fog on the internal surface of the IG unit.
Commonly used desiccants in the IG industry are molecular sieves or a blend of silica gel with molecular sieves [8] . Highly porous crystals of molecular sieves with uniform pore sizes of 3, 4, 5, and 10 Angstroms (Å) exist, each having a strong affinity for a specific size of molecule. The 3-Å molecular sieve's structure allows water vapor adsorption yet excludes most other molecules. The 4-Å molecular sieve has a slightly higher water vapor capacity but also adsorbs larger molecules including oxygen and nitrogen; it is, therefore, less commonly used in IG edge seals. Molecular sieves have a high adsorption capacity at low relative humidity ( Figure 3 ) and are therefore particularly useful in dry environments such as the interpane glazing space. Silica gel is a highly porous granular-shaped desiccant with pore sizes ranging from 20 to 200 Å [9] . Because of this wide range of pore sizes, silica gel is capable of adsorbing compounds other than water, such as ammonia, alcohols, aromatics, diolefins, olefins, and paraffins [10] . A blend of 3-Å molecular sieve and silica gel can prevent both condensation and chemical fogging by adsorbing water vapor as well as off-gassed organics while also limiting the adsorption of argon or nitrogen gas. 
Edge seal properties and requirements
Before discussing available edge seal products and their properties, we present properties of an effective IG edge seal, which we identified through a review of the literature on edge seals. The main focus has been on thermal performance.
Structural functionality
The combined system of spacer bar and secondary sealant provides sufficient strength to hold two panes of glass at a fixed distance apart. Because the primary seal does not contribute to the structural integrity of the IG unit, it is essential that the secondary sealant adhere over the long term to the glass, glass coatings, and spacer bar materials. To ensure a long service life for the IG unit, the secondary seal must also be flexible to accommodate glass movement under variety of continuous mechanical stresses. These include pressure differences between the interpane space and the outside atmosphere that are introduced during manufacturing, transportation, and installation of the glazing unit; and stresses during the service life of the IG unit from environmental conditions such as solar radiation, temperature differences, wind loads, and barometric pressure. Pressure differences exert force on the panes and cause them to deflectError! Reference source not found.. This, in turn, exerts forces (tension and compression) on the edge seal of the IG unit. ASTM C1249 [12] and ISO 20492 [13] describe structural properties, adhesion testing, and requirements for secondary sealants.
Structural demands do not restrict the shape of the spacer bar as long as it has good mechanical stability and allows tightly sealed corner connections [14] . Mechanically stable corners can be achieved by plug-type connections (i.e., with metal or plastic corner keys) or, more commonly, by bent spacer corners. The corners must be sealed properly to guarantee stability of the frame as well as water vapor and gas tightness of the corner connections. Quality assurance testing according to the German Institute for Standardization [15] showed that IG units with bent corners performed considerably better than units with plug-type or soldered corners.
Thermal performance
Spacer bars for IG units have traditionally been made of aluminum or galvanized steel. These metal spacer bars have high thermal conductivity and thus create a thermal bridge on the interior glass pane surface in the edge-ofglass area. The edge-of-glass region is described [16] as the perimeter of the glass between the edge of the frame or sash and the point where the glass surface temperature is the same as the temperature at the center of glass [16] . Initial laboratory experiments [17] showed that this region is restricted to a band approximately 63 mm (2.5 in.) wide around the perimeter of the glazing, as illustrated in Figure 4 . However, later studies [18] showed that the edge-of-glass region is larger, i.e., 102 mm (4 in.). Low temperatures in the edge-of-glass region increase the potential for condensation, which, in turn, can lead to mold growth and deterioration of window frames, window seals, and wall sections, especially in cold climates [19] . New edge seal designs with improved thermal performance (and therefore higher internal glass surface temperatures in the edge-of-glass region) are less prone to condensation. The term "Warm Edge Technology" (WET) has been introduced in the literature for these products. In addition to their impact on condensation, the thermal properties of the edge seal also have a significant influence on the overall U-value of a fenestration product [16] , [20] : insulated spacer bars and thermally improved edge seals can considerably reduce heat loss through an IG unit. For these reasons, several studies have focused on the thermal performance of the edge seal. We summarize below information from the literature on glass surface temperature and the effect of edge seals on the thermal performance of windows.
Numerical investigations [21] show that total window U-value is reduced by 6 percent when a traditional aluminum spacer is replaced with an insulating spacer in a standard double-glazed wood-frame window that does not have low-emissivity (low-e) coating on any of the glass panes. In high-performance windows (i.e., double glazed with low-e coating, or triple-glazed windows) insulating spacers can reduce total window U-value by 12 percent compared to the U-value with aluminum spacers.
The effect of spacer designs on the glass surface temperature in the edge-of-glass region was examined by Elmahdy [20] using hot-box measurements and by numerical simulations. Four different edge seal configurations were studied, in double-pane glazing without a frame around the edge. The spacer with the highest thermal resistance showed the warmest glass surface temperature on the warm side (and the coldest temperature on the cold side) of the glass in the edge-of-glass region. The study also found that, when the glazing/spacer configurations were inserted in a simple wooden sash, the variation in glass surface temperature was reduced as a result of the sash.
Elmahdy [22] also studied the warm-side glass surface temperature of different edge seal designs under laboratory conditions ( Figure 5 ). In these tests, 10 spacers were mounted between two clear glass panes, with air in the glazing cavity. Testing was first performed with no frame. The results ( Figure 6 ) demonstrated that the use of WET spacer bars leads to higher glass surface temperatures in the edge-of-glass region relative to temperatures when conventional aluminum spacers were used (IG 7 in Figure 5 ). Tests of glazing units (1.0 m x 1.0 m) with four different frame materials (vinyl, thermally broken aluminum, redwood, and foam-filled fiberglass) showed that some combinations of spacer bar/frame material resulted in more desirable glass surface temperatures in the edge-of-glass region. However, because of the variety of possible frame designs and edge seals, these findings should not be generalized. The overall thermal resistance (R-value, expressed in square meter kelvins per watt [m 2 K/W]) of the different fenestration products was also tested. A comparison of the Rvalues of the spacer/frame combinations studied ( Figure 7) showed that WET spacer bars improve the overall Rvalue of fenestration products compared to the results for windows with conventional metal spacers. Figure 7 also indicates that interaction between spacer bar design and frame material affects the overall thermal performance of a window. It is notable that the relative performance of tested frames is more important than the absolute R-values. Some combinations of spacer bars, glazing, and frame performed better than others because of a slightly larger gap thickness, details of the frame design, manufacturing tolerances, or other elements of the test unit; as a result, these findings should not be generalized. Different spacer systems have also been studied using hot-box measurements and numerical simulations [23] . Gustavsen et al. studied total window U-values and glazing temperatures for double glazing with a conventional aluminum and an insulating spacer bar. Two different cavity sizes, 12 mm and 15 mm, were studied, with argon fill and a low-e coating (ε = 0.05) on the innermost glazing layer facing the glazing cavity. The glazing was mounted in a wooden frame. The temperature diagrams showed a significant increase in interior surface glazing temperature when an insulating spacer was used instead of an aluminum spacer. Measured and simulated results for glazing surface temperature from this study showed relatively good agreement although the numerical simulations predicted a higher interior glazing temperature in the edge-of-glass region than was found in the experiments. Natural convection and surface coefficients used in the numerical simulations resulted in these slight deviations. The difference in U-value between test units with aluminum and insulating spacers was greater in the simulated results than in the measured results. For the simulated windows with 12-mm cavity spacing, the U-value was reduced by 7 percent when the aluminum spacer was replaced by an insulating one, but the measured reduction was only about 1 percent. Results were similar for the 15-mm cavity unit: 9 percent and 2 percent in the simulated and measured cases, respectively. The large difference was attributed to the fact that the center-of-glass U-value was found independently of the frame and spacer material and configuration in the calculations for the simulated cases.
A spacer thermal performance study by WESTLab Canada for the Insulating Glass Manufacturers Alliance (IGMA) [24] estimated the impact of the edge construction on the total fenestration thermal performance. The study modeled an aluminum frame window system for non-residential applications and a polyvinyl chloride (PVC) window system for residential applications with varying spacer system effective thermal conductivities (k eff ). The spacer system thermal conductivity is defined as the thermal conductivity of a single block of homogeneous material with the same dimensions as the actual spacer system, resulting in a heat transfer equivalent to the heat transfer through the detailed edge seal [24] (see also Section 3.3.2). The study found a logarithmic relationship between the overall U-value and k eff ( Figure 8 ). Figure 8 indicates that, for spacer systems with effective thermal conductivities greater than 2.0 watts per meter per kelvin [W/(mK)], the total product U-value curve flattens out. This means that variations in k eff greater than 2.0 W/(mK) will not significantly affect the total product U-value. For k eff less than 2.0 W/(mK), the effect on the U-value of reducing k eff is significant. Figure 11 also shows that the effective conductivity has a larger impact when the window size is small. Figure 8 -Total product U-value vs. spacer effective conductivity (k eff ) for different sizes of non-residential thermal break aluminum frames [24] Gustavsen et al. performed similar simulations [3] on five different window frames: thermally insulated wood, solid wood, PVC, and two thermally broken aluminum frames. The study analyzed the effects of spacer effective conductivity, k eff , on the frame and edge-of-glass U-values of different frame configurations with triple glazing, argon filled cavities, and two low-e coatings (ε = 0.037) [i.e., a glazing U-value of 0.710 W/(m 2 K)]. For the frames studied, the spacer was simulated as a block of homogeneous material with an effective conductivity k eff that was varied between 0.02 and 10 W/(mK). Conductivities between 0.01 and 0.02 W/(mK) were also included for comparison with the conductivities of today's best insulating materials. 1 The results of this study showed that frame and edge-of-glass U-value decreased with decreasing spacer conductivity. Changing the effective spacer conductivity from 10 to 0.25W/(mK), which is close to the effective conductivity of the best spacers available today, decreases frame U-value by more than 18 percent for the frames studied. For some frames, the decrease is as much as 36 percent. The actual percentage depends on frame thermal performance and tends to increase with decreasing frame U-value. This study shows that exceeding the performance of the best spacer technologies available today would decrease the frame U-value. For example, reducing the effective spacer conductivity from 0.25 to 0.1 W/(mK) would decrease the frame U-value by more than 6 percent. A decrease in spacer conductivity from 0.25 to 0.05 W/(mK) would decrease U-value by more than 10 percent.
Thermal conductivity of edge seals
Experiments and numerical simulations have demonstrated that edge seals have a significant effect on the Uvalue of a glazing unit. The complex nature of the heat flow and the interaction of the edge seal with the wide variety of window frames make it difficult to characterize this effect, so one should be careful about generalizing conclusions. However, the results of these thermal conductivity studies make clear that windows should use the best spacers available and that research should be undertaken to develop alternative and improved insulating spacer systems [3] . In practice, there is a need to define the thermal characteristics of the edge-of-glass region of IG units. Different methods have been proposed: 1) linear thermal conductivity (k lin ,), 2) effective thermal conductivity (k eff ,) and 3) equivalent thermal conductivity of a two-box model (λ eq ). Each method is summarized below.
3.3.1
Linear thermal conductance The thermal performance of edge seals has been characterized by linear conductance (k lin ) (W/(mK)) [19] , [26] , [27] , which is defined as the rate of heat transfer through a unit length of edge seal exposed to a unit temperature difference (Eq.1). Figure 9 illustrates the edge seal geometry related to this definition. The heat loss through the seal is given by: In two-dimensional window simulations, the edge seal can be replaced with a single block of a fictitious, homogeneous material. The conductivity of this material is then specified such that it allows the same amount of heat transfer as an edge seal of known geometry (i.e., thickness, t, and width, w) and known k lin . Using a measured k lin , we can calculate this fictitious conductivity k fict (W/(mK)) as
It is important to note that the homogeneous block must retain the same dimensions as the seal it replaces. This model has been validated by an investigation of nine different single-and double-sealed edge seal designs for industrial applications. Detailed two-dimensional numerical simulation models were developed [28] and compared to the linear conductance of the edge seal, measured in a guarded hot-plate experiment [26] . The measured k lin showed good agreement with the simulation model.
No desiccant was assumed in this method, which is advantageous for modeling efforts because it eliminates the need to determine the thermal conductivities of heterogeneous materials, i.e. desiccant-doped sealants or desiccant-filled cavities. This approach allows a comparison of edge seal designs, eliminating edge-glass, sash, and frame effects. Although the boundary conditions necessary to model the edge seal effects differ somewhat from actual window conditions, the authors believe that this does not detract from the utility of this method for designing and developing efficient edge seals.
The method suffers from the disadvantage that the linear conductance represents the thermal performance of the entire edge seal and therefore does not provide insight about the contributions of individual edge seal components. When measured data are used to validate simulations models, it is possible for the models to estimate the effect of small details of the spacer bar/sealant combinations. Possible design improvements could be explored by means of simulations, but fabrication and testing are recommended to confirm a design's actual performance.
3.3.2
Effective thermal conductivity The thermal performance of edge seals has been characterized using effective conductivity k eff (W/(mk)) [25] , which allows us to account for the performance of individual components of the edge seal. This model is based on the assumption that the performance of the frame components and IG unit, including spacer variations, can be modeled separately and then put together using interpolating curves. The effective thermal conductivity is defined as the thermal conductivity of a single block of homogeneous material with the same dimensions as the actual spacer system (i.e., total width, w, and thickness, t), resulting in heat transfer equivalent to that of the detailed edge seal [24] . The k eff of the edge seal is calculated as follows: 1) Develop a detailed model of the edge seal in THERM software [29] and determine the heat flow or overall thermal resistance (R tot ) through the spacer, applying the boundary conditions shown in Figure 10 . 2) Calculate the effective conductivity k eff from the total resistance (Eq. 3): , 
The effective conductivity has been used in calculations for different edge seal configurations to estimate the impact of the edge construction on the overall product U-value [25] . This is illustrated by the logarithmic relationship shown in Figure 8 . The effective conductivity has also been used in a thermal performance study [24] comparing different spacer systems, as well as for examining the impact of several spacer system variables on total fenestration system thermal performance. The results of the comparison are discussed in Section 4.1.2.
3.3.3
Equivalent thermal conductivity of a two-box model A simplified model consisting of two boxes and an equivalent thermal conductivity, λ eq [W/(mK)], has also been developed [30] , [31] . In this approach, the detailed edge seal is modeled as two boxes such that it results in the same heat flow as the actual edge construction. One 3-mm box with a thermal conductivity of 0.4 W/(mK) replaces the PS sealant, and one 6-mm box with the equivalent thermal conductivity λ eq replaces the spacer profile.
The calculation procedure for λ eq is summarized in two steps: 1) Calculate the heat flow through the actual edge construction using a two-dimensional simulation program (e.g., THERM [29] ) with the boundary conditions shown in Figure 11 ). 2) Fit the thermal conductivity λ eq of the spacer box until the same heat flow is achieved as in the detailed model. Unlike in the calculation of k eff , the effect of the glass panes is accounted for in step 1 of this method: a heattransfer coefficient of 200 W/(m 2 K) on both sides of the spacer represents the heat transfer through the glass panes. The equivalent thermal conductivity has been used in calculations of the linear thermal transmittance, Ψ (W/(mK)), where the two-box model replaces the actual edge construction with a spacer profile. This method was validated for three different edge constructions and three different frames: an aluminum spacer, a stainless steel spacer, and a plastic spacer with aluminum foil; and a wooden frame with aluminum cladding, a PVC frame, and a frame made of wood, aluminum, and PVC were used, respectively. In general, there was good consistency between the Ψ-values calculated with the two-box model and the detailed edge construction. The two-box model results in slightly higher Ψ-values and is thus a conservative method. However, the differences between the measured and calculated values are less than 3.1 percent; therefore, the method is considered reliable.
Equivalent thermal conductivity offers us a means to compare the thermal performance of the spacer profiles. However, a disadvantage of this method is that the spacer profile conductivity is estimated with an applied secondary PS sealant with a thickness of 3 mm and a conductivity of 0.4 W/(mK). Edge seal configurations with a secondary sealant, for example of polyurethane (conductivity of 0.25 W/(mK) [33] ), that are represented by a two-box model will have significantly higher λ eq than the conductivity of the actual spacer bar. The impact of the secondary sealant on the thermal performance of the fenestration product is not easily understood using λ eq . Moreover, the method uses a fixed height of 6 mm for the spacer box, which is a typical height of spacer bars. Therefore, λ eq is only valid for edge construction with those dimensions. For higher spacer profiles, a standard spacer box of 10 mm was suggested and investigated separately.
Moisture vapor and gas transmission
IG unit failure most commonly results from water vapor condensation between the glass panes [5] . Because of the vapor gradient between the dry interpane space and the environment, water vapor diffusion is a natural phenomenon that occurs in every IG unit. When moisture permeates through the edge seal after the unit's desiccant is saturated, condensation may occur. The edge seal must have high moisture vapor transmission resistance to minimize water vapor permeation and thus prolong the unit's service life [5] , [7] . Moisture vapor flow penetrating the edge seal can be characterized by the moisture vapor transmission rate (MVTR), θ, or by the average moisture penetration index, I av . Test methods for both values are described in standards ISO 20492 [13] and EN 1279 [34] , respectively.
To maintain their thermal advantage, gas-filled glazing units must retain the gas within the interpane space. The differential between the partial pressure of the gas within the IG unit and that of the surrounding air causes gas to diffuse through the seal. Therefore, the seal must have low gas permeability to prevent the fill from being replaced by air [7] . Current standards [35] , [36] allow a gas leakage rate L i (i.e., the volume of gas 'i' leaking from a gas-filled unit) of less than 1 percent per year. 
Life-expectancy of insulating glass units
The primary sealant (or secondary sealant in single-seal systems) and the spacer bar together provide for a protective seal that meets the requirements for low gas and water vapor permeability. Metal is typically used as the vapor and gas barrier on the spacer bar, either in the form of a metal spacer bar profile or a foil integrated in the spacer design. In dual-sealed IG units, the secondary sealant does not contribute significantly to the diffusion resistance of the edge seal. This is because the water vapor permeability of PIB is far lower than that of the secondary seal, regardless of whether the secondary sealant is silicone, polysulfide, or polyurethane. The moisture diffusing through the primary seal is linearly dependent on the thickness and inversely dependent on the width of the primary seal. That is, the wider and thinner the primary seal, the lower its moisture diffusion. Therefore, maintaining the effective cross-section of the primary seal (as established after manufacture of the IG unit) is important for the unit's durability. A good secondary seal must reduce the mechanical stress on the primary seal, thus reducing the primary seal's chance of failure.
Failure of IG units is typically visible through chemical fogging, deterioration in aesthetics, increase in U-value, or loss of the secondary seal adhesion to the glass. Failure of secondary seal adhesion refers to both primary failure within a few years of installation and failure as a result of the unit's deterioration because of a continuously wet or overheated secondary sealant.
For an IG unit to have a long service life, the primary sealant must maintain its low gas and vapor permeability, and the secondary sealant must maintain good adhesion when exposed to a variety of environmental factors. Among these factors are large temperature differences; thermal cycling; high humidity; solar radiation; atmospheric pressure fluctuation; wind loads; working loads; and all relevant loads during manufacturing, transportation, installation, and maintenance. Studies show that the simultaneous action of water, elevated temperatures, and sunlight constitutes the greatest stress on the edge seal of an IG unit.
Extensive studies have been performed of edge seal life expectancy and performance under various influences, and test methods and requirements are described in various standards. This specific topic is therefore not covered in detail in this article. Interested readers are referred to specialized literature, e.g. Wolf [1] , [6] , [14] , Garvin [5] , Spetz [7] and numerous standards (e.g., ISO [11] , [13] , [15] , [34] , [42] , [43] , [44] , [44] and ASTM [46] , [47] ).
Challenges related to new technologies
Edge seals and spacers have been and are being developed to meet the requirements described in the subsections above. New technologies bring into focus different elements that should be considered for edge seals of the future. New designs and technologies can create new challenges. For example, the use of glass coatings and glass films along with new materials could introduce new problems with off-gassing chemicals in the interpane space of the IG unit. Another challenge could be high temperatures that have the potential to cause the combination of spacer, exposed desiccant, and adhesives to loosen and droop into the window's visible area.
Current State-of-the-art Edge Seal Components
Improving edge seal thermal performance will significantly reduce the negative influence of the edge seal on the overall window U-value. The subsections below review current best-available technologies for spacer bars and sealants.
Spacer bar technologies
The high thermal conductivity of traditional metal spacer bars in multi-pane IG units creates a significant risk of condensation and a high heat flow through the edge-of-glass region. In place of traditional aluminum and galvanized steel spacer bars, stainless steel spacer bars have been implemented, and several studies have documented the resulting reduction in heat transmission (see Section 3.2). Other new spacer bar designs have also reached the market. The current focus on WET implies an effort to further improve the thermal performance of spacer bars. We present below a comprehensive overview of the performance of commercially available edge seals. We group spacer systems according to their design and geometry in relation to their thermal performance. In addition to the market research we performed for this survey, we use data from a study of spacer thermal performance commissioned by IGMA [24] . Table 1 shows our proposed categorization of spacer systems. We identify two main categories: 1) metal spacers and 2) non-metal spacers. Single-sealed and double-sealed spacer systems are distinguished in the first category. We subdivide the metal spacers category according to the type of metal: aluminum, galvanized steel, or stainless steel. In addition to the three metal subcategories, we identify one category of thermally improved metal spacers, which includes U-shaped steel profiles, hybrid spacers, and thermally broken aluminum. Hybrid spacers are constructed of a stainless steel spacer bar profile combined with a highly insulating plastic top that breaks the thermal bridge at the top edge of the spacer bar. Thermally broken aluminum provides a thermal barrier in the middle of the aluminum spacer to create a warm-edge effect.
Identification and categorization of spacer systems
Replacing metal spacer bars with spacer bars made from non-metallic, low-conductivity materials greatly reduces heat loss through the edge-of-glass region. The second category of spacers, the "non-metal" spacers, is therefore considered to represent a promising future direction for improving the thermal performance of edge seals. Although the main structural component of these spacers is non-metallic, a metallized foil is often incorporated to ensure that the seal has low water vapor and gas permeability. The non-metal spacer category is further divided into three subgroups -composite, structural foam, and thermoplastic. Composite spacers are constructed from several components such as highly insulating composite plastics or a flexible stabilizer, a moisture barrier membrane, a desiccated top coating, and a stiffening layer. Structural foams, such as silicone foam or ethylene-propylene-diene-monomer (EPDM), are also used for spacer bars. The foam is desiccated to reduce condensation and a (multi-layer) moisture barrier is incorporated. Thermoplastic spacers (TPSs) are made from PIB with integrated desiccant. In contrast to other types of spacers, a TPS is extruded directly between the glass panes, creating a homogeneous and continuous edge seal. Because the moisture resistance of the desiccated PIB is sufficient to guarantee the edge seal tightness, no metallized foil is required in TPSs. The grouping of spacer systems in the IGMA study [24] is similar to that shown in Table 1 . 
4.1.2
Spacer thermal performance study The effective thermal conductivity (k eff ) for different spacers was determined with THERM software in the IGMA study [24] . Several variables that affect the thermal performance of a complete fenestration product were held constant the first phase of the simulations, as follows: a spacer thickness of 12.7 mm (0.5 in.), a primary PIB seal of 0.25 mm (0.010 in.) on both sides of any dual-seal spacers, a PS secondary seal, and a total edge seal width of 11.11 mm (7/16 in.). Figure 12 shows the effective conductivities of the different spacer systems. The effective conductivities were then used in THERM to model the total fenestration product thermal performance for different frames. U-value plots can be found in [24] . From this study, the following conclusions were drawn: 1) For aluminum and galvanized steel spacers, the spacer system thermal conductivity is considerably higher than for stainless steel and non-metal spacers. 2) Single-sealed spacers have higher thermal conductivities than dual-sealed spacers. 3) Effective conductivities greater than 2.0 W/(mK) do not significantly affect the total product U-value, regardless of whether the spacer is single sealed or dual sealed. For these effective conductivities, the Uvalue is high. 4) Aluminum and galvanized steel spacers have effective conductivities greater than 2.0 W/(mK); thus, for large variations in k eff , the variation in total product U-value is very small. Aluminium and galvanized steel spacers can therefore be grouped, which reduces the number of spacer systems that must be considered and results in minimal error when determining total product U-value. 5) Design variations in stainless steel and non-metal spacer systems affect total product performance because their effective conductivities are less than 2.0 W/(mK). Therefore, grouping of these spacer systems is not appropriate because we must account for details of these system designs to accurately determine product Uvalue. Figure 12 -Spacer system effective conductivity [24] The impact of different variables on the thermal performance of a fenestration product is addressed in a second phase of the study. These variables include the sealant type, the overall edge seal width (i.e., primary and secondary seal), the primary sealant width, the spacer wall thickness, and the IG unit placement in the frame. It was found that the choice of sealant material, the overall spacer system width, the thickness of the primary sealant, and the wall thickness of stainless steel spacer systems affect the thermal performance of the total fenestration product. Therefore, it is important to properly calculate the spacer system effective conductivity and to account for these design variables. The spacer wall thickness of aluminum and stainless steel spacers and the placement of the IG unit in the frame do not significantly affect the overall product thermal performance.
4.1.3
Commercial spacers: overview of properties The present work aims to complement the IGMA study by performing market research and analyzing current commercially available spacer systems. Table 2 lists spacer manufacturers and products. The list is based on an internet search and is therefore not exhaustive. Manufacturers of non-metal spacers are the main focus in this market research. For simplicity, aluminum and galvanized steel spacers are referred to by their minimum and maximum thermal conductivities, obtained from the IGMA study [24] .
We list dimension characteristics and thermal properties of each product if these are available. The information was collected from manufacturers' product sheets and data sheets, from simulations performed by Bundesverband Flachglas [37] , or simulations in THERM [29] based on the stated dimensions and material properties or from the program's add-on Spacer Library [38] . An important distinction must be made between k eff and λ eq . As discussed earlier, these values result from different calculation procedures for estimating spacer system thermal conductivity and should therefore not be compared directly.
To compare the k eff of spacer systems, the IGMA study fixed the values of all other variables. The overall system thickness and width in the IGMA study were fixed at 12.7 mm and 11.11 mm, respectively, and the analysis also assumed a PS secondary sealant and a 0.25 mm PIB primary sealant. All of these parameters have been proven to significantly influence thermal conductivity. However, it is not appropriate to use fixed parameters when analysing new spacer designs because manufacturer recommendations, compatibility between spacer bar and sealants, and specific product dimensions must be taken into account. Assuming fixed parameters when analyzing new spacer designs could result in calculation of a thermal conductivity for a product that does not exist. For instance, calculating the conductivity of a composite spacer system with separately simulated primary and secondary sealant and a total width of 11.11 mm would misrepresent a product such as Duraseal from TruSeal, which is 7.4 mm high and contains only one component. When interpreting λ eq , it is important to bear in mind that this value only accounts for the actual spacer dimensions and assumes a 3-mm PS secondary sealant. The actual sealant material or edge construction thickness of a product might vary from these assumptions. Table 2 gives the system dimensions and parameters that are used to calculate thermal properties. These dimensions and parameters should be taken into account when judging thermal performance or using the values calculated. For consistency, the thermal conductivity is given for a spacer width of 12 mm or 12.7 mm. We emphasize that the values presented in Table 2 are indications of thermal performance, not absolute values. To be valid, thermal performance values must account for the actual dimensions and details of the specific spacer design. Moreover, as noted above, values for k eff and λ eq do not compare well because of the different calculation procedures used to obtain these values. Alternatively, a comparison of spacer thermal performance could be carried out by simulating the spacers between glass panes and evaluating the thermal performance of such an assembly. For the abovementioned reasons, we opted not to present the values graphically because a figure showing these values could be a misinterpreted. Nevertheless, some trends become clear from analysing the table: 1) Thermal performance improves significantly when traditional metal spacers are replaced with improved metal spacers and non-metal spacers. 2) Stainless steel spacers reach effective and equivalent conductivities that are less than 1 W/(mK). The wall thickness of the spacer bar is an important factor that determines the conductivity (e.g., in the Nirotec series from Lingemann-gruppe/Helima). Several spacers among the improved metal spacers and the non-metal spacers achieve effective and/or equivalent conductivities below 0.5 W/(mK). 3) Within the category of improved metal spacers, hybrid spacers perform relatively well. Thermally broken aluminum appears to be a reasonable alternative to traditional aluminum spacer bars. 4) The performance of non-metal spacers is superior to that of metal spacers; non-metal spacers are therefore regarded as a promising direction for future window spacer designs. 5) Foam exhibits overall good thermal performance and generally somewhat better performance than TPS.
Composites and foams allow for design details that result in variations in thermal properties. For example, a significant improvement results when aluminum elements used as vapor barrier or stabilizer material are replaced with a stainless steel membrane or a plastic stabilizer, respectively. 6) Foam spacers have a very low λ eq because of conditions inherent to the calculation procedure of equivalent conductivity. The two-box model assumes a spacer bar sealed with a PS secondary sealant (i.e., λ PS = 0.400 W/(mK)). However, manufacturers of foam spacers have recommended hot-melt butyl as a secondary sealant [i.e., λ butyl = 0.240 W/(mK)]. Therefore, in the case of foam spacers, the equivalent conductivity method results in a misleading characterization of actual thermal performance. Instead, it is recommended to use the actual material properties (thermal conductivity and density) of the foam material. Dimensions and parameters applied in calculating conductivity: thickness (t), primary sealant, width (w), secondary sealant
Ref.
METAL ALUMINUM e.g., Allmetal GmbH, Alumet, Helima, Hygrade "Aluminum" Hollow aluminum spacer bar -4.89 -6.59 6.5 (b) t = 12 mm to 18 mm, w = 9 mm [30] Single-sealed 3.0 -7.6 -(a) t = 12.7 mm, 0.25 mm PIB, w = 11.11 mm, PS [24] Dual-sealed 1.8 -3.0 -(a) t = 12.7 mm, 0.25 mm PIB, w = 11.11 mm, PS [24] GALVANIZED STEEL e.g., Allmetal GmbH, Hygrade, RollTech
Single-sealed 2.0 -3.0 -(a) t = 12.7 mm, 0.25 mm PIB, w = 11.11 mm, PS [24] Dual-sealed 1.5 -2. 
Sealant technologies
Secondary sealant type has a significant impact on a fenestration product's thermal performance [24] . However, neither k eff nor λ eq addresses the importance of the secondary seal. Table 3 lists the thermal conductivities of frequently used sealant types. The thermal properties of sealants are not within the scope of this article. The reader can find information on this topic in the available literature, e.g. [48] . 
Future perspectives
This section outlines research opportunities for improving the thermal performance of IG unit edge seals and discusses some existing alternative solutions.
Research opportunities
Through the simplified equation (4) and Figure 1 , we understand that edge seal thermal performance can be improved by working in three areas: reducing the width of the edge seal (w); reducing its thermal conductivity (λ); and increasing its thickness (t), i.e., increasing the length of the path along which the heat loss travels.
Decreasing the width of the spacer bar and secondary sealant reduces the heat transfer area, and thus the size of the thermal bridge at the edge of glass. Table 2 shows that new systems aim to reduce total edge seal width. Total widths of 7 mm to 10 mm are common. Foam spacer bars achieve widths as small as 4.8 mm. Reducing or omitting the secondary sealant also implies a thermal improvement but requires that the structural strength of the edge seal be guaranteed by other means.
Significant thermal improvement can be achieved by reducing the thermal conductivity (λ) of the applied materials. Omitting high-thermal-conductivity components such as aluminum and other metals (that are used for spacer bar profiles or in metallized foils, for example) and using highly insulating materials in their place will improve thermal performance. Materials are available that have considerably lower thermal conductivities than the materials that are commonly used in spacer designs. Examples of highly insulating materials on the market include polyurethane foam with a λ of 26 mW/(mK) [33] , aerogels with λ of 13 mW/(mK) [50] , and vacuum insulation panels (VIPs) with λ as low as 4 mW/(mK) [51] . Currently, no spacer systems on the market utilize these materials. Although the low thermal conductivities of these materials are desirable in spacer systems, other requirements, such as structural strength, moisture and vapor tightness, and durability, must also be taken into account. Thus, it would be interesting to explore new composite designs combining highly insulating materials with other materials to create a component that meets all of the above requirements. Development of new materials with low conductivity is another path that bears investigation for spacer applications.
The best secondary sealant available today has a conductivity of about 0.240 W/(mK). Therefore, improvements in the thermal conductivity of secondary sealants are theoretically possible. However, good adhesion and durability are more important required qualities in a secondary sealant than low thermal conductivity. The need for good adhesion and durability might limit the thermal improvements that are realistically possible. Other areas of potential improvement are reducing the area of the secondary sealant and the manner in which it is implemented, as described below in Section 5.2.2.
Increasing the edge seal thickness or path length for heat transfer through the spacer bar will also contribute to better thermal performance in the edge-of-glass region. One potential area of research toward this goal would be to develop a corrugated material, possibly filled with highly insulating bulk material for structural stability. This idea is represented schematically in Figure 13 [left]. Such a technology could also accommodate triple-pane glazing, which normally requires two edge seals, increasing both costs and the risk of primary or long-term failure of the unit. A corrugated spacer would make it possible to design a triple-pane, single-spacer IG unit and thus reduce cost and opportunities for failure. Figure 13 [center] depicts the idea of a triple-pane IG unit with secondary sealant. Figure 13 [right], shows reduced application of secondary sealant as a strategy to improve thermal properties. Since this paper focuses mainly on the review part, the effect of these techniques on the overall thermal performance of windows has not yet been investigated in detail. Future research will aim to provide for numerical and experimental results on these improved techniques. Figure 13 -Schematic principle of a corrugated material spacer for double-and triple-pane glazing.
Existing alternative solutions
Some alternative edge seal solutions on the market today include vacuum glass [1] , suspended film technology [1] , and integrated window products [1] . Vacuum glass, which is an alternative to typical IG construction, consists of two (or three) sheets of glass separated by a narrow vacuum space with an array of support pillars that hold the two sheets of glass apart. The edge seal design is critical to the performance of vacuum glass units and is currently an area of major development focus for these units. Another variation on the more common multilayer IG units with gas fill is the use of suspended coated film (SCF) between the outer and inner panes. The film acts like a third or fourth glass pane, thus reducing the total weight of the window. Edge seal designs are being adapted to accommodate this technology. Integrated windows and edge seals with reduced secondary sealant are discussed below.
5.2.1
Integrated window production Integrated windows are available as alternatives to common multiple-pane units. Rather than fabricating a separate IG unit that is fitted into a sash, integrated technology produces a window with glass panes directly adhered to the sash. The advantages are that the entire window is produced in one successive production line, which should result in a consistent-quality product; transportation costs of different materials to different installation sites are reduced; and orders should be able to be completed more quickly than for traditional windows because all production of integrated window products is at a single location. This technology does not use conventional edge seals composed of spacer bars and sealants but instead employs an adapted sash. Desiccants and sealants adapted to the integrated design are used, and the glazing panels are directly bonded to the sealant on both sides of the window sash profile. Wetting-out is accomplished by either vacuum compression or roller compression technology. Integrated windows are produced by manufacturers such as Sashlite™. Bystronic Glass has adopted the Sashlite™ technology and in its "sashline" production line [53] . The effect of the edge seals used in these products depends on the frame properties. The edge seal's effect on the edge-of-glass region is thus inherent to each system and has not yet been estimated yet. Future research should estimate the impact of alternative integrated window designs on the U-value of the fenestration products.
5.2.2
Reduced secondary sealant Our review has indicated that the secondary sealant has a significant effect on the overall thermal performance of a fenestration product. Reducing or omitting the secondary sealant would therefore considerably improve the thermal performance in the edge-of-glass region. Two available alternatives to reduce the applied secondary sealant are the Cardinal XL and the Six-O-Four spacer systems depicted in Figure 14 . In these alternatives, the shape of the spacer bar is adjusted to reduce the sealant application, while still meeting the criteria for durability and adhesion. In addition to improving thermal performance, reducing the amount of secondary sealant saves materials costs and reduces the total width of the edge seal. Applications for non-metal spacers should be investigated. Figure 14 -Six-O-Four spacer design with reduced secondary sealant thermal conduction path [54] 
Summary and Conclusions
Several requirements must be taken into account when designing edge seals, including structural functionality, moisture and vapor transmission, life expectancy, and thermal performance. From our review of the literature on the state of the art in fenestration edge seals, it is clear that edge seal thermal performance has a significant effect on the U-value of a fenestration product and that, for best thermal performance, windows should use the best available spacers. Different strategies for defining thermal conductivity were discussed (i.e., the linear conductivity (k lin ), effective conductivity (k eff ), and equivalent conductivity (λ eq )). Each method has strengths and weaknesses inherent to their calculation procedures. Both k eff and λ eq are used for characterizing the thermal performance of the edge seal systems investigated in the market review.
Our market review categorized existing spacer systems according to their design and geometry in relation to their thermal performance. Although we did not investigate the relative merits of the different designs, it is clear that non-metal spacers are the most promising future approach for window spacer designs. Among non-metal spacer materials, foams exhibit overall good thermal performance, generally somewhat better than that of thermoplastic spacers (TPSs). One composite spacer has good thermal performance compared to some foam and TPSs.
Optimization the thermal performance of individual spacers is necessary. Further research should be undertaken to improve insulating edge seal systems as well as to develop and investigate alternative materials and design possibilities. Improvement in edge seal thermal performance can be achieved by reducing the heat transfer width of the edge seal, reducing its thermal conductivity, and increasing its thickness (i.e., increasing the path length for heat loss). Decreasing the width of spacer bar and secondary sealant reduces the size of the thermal bridge at the edge of glass, thus increasing thermal performance. Spacer bars widths as small as 4.8 mm are currently available. Solutions to reduce the secondary sealant width are searched, but structural strength and durability must be retained. Composites provide for an interesting research field to reduce the edge seals thermal conductivity and the overall edge seal width. New composite designs could be explored that combine highly insulating materials such as polyurethane foam, aerogels, and vacuum material with other materials to create a component that meets all requirements. Corrugated edge seal designs are a potential area of research to increase the path length for heat transfer through the spacer bar. This idea could be adapted to accommodate triple-pane IG units, with a single spacer. 
Appendix A -Spacer manufacturers and contact information

